Introduction
I don't intend to give a comprehensive survey of all the important experiments in elementary particle physics that were carried out at accelerators in the period 1930 -1960. Instead, I'd like to tell about three accelerator experiments that in a dramatic way, changed physics profoundly, each in its own time-The experiments I have in mind are the following: I) "Excitation of the the 7.536 a Resonance Line of Mercury," J. Franck and G. Hertz, (1914) . lr2 2) "Disintegration of Elements by High Velocity protons," J. D. Cockcroft and E. T. S. Walton (1932) . 334 3)
"Total Cross-sections of Positive Pions in Hydrogen," H. L. Anderson, E . Fermi, E. A. Long, and D. E. Nagle. (1952) .5
The first experiment made it clear that Rohr's theory was correct and thereby opened the way to a proper understanding of atomic spectroscopy. The second opened the field of nuclear spectroscopy. The third, by making evident the significance of isotopic spin and revealing the existence of an excited state of the proton, provided the key to the 3rd spectroscopy, the spectroscopy of the hadrons.
The idea that each successive stage in the development of elementary particle physics was marked by a new spectrosccpy is taken from Weisskopf. In an a r t i~l e ,~ "What is an Elementary Particle," written in celebration of the 50th anniversary of Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1982805 t h e l n t e r n a t i o n a l Union of Pure and Applied Science, he d i s c u s s e s how s t r u c t u r e i n a n elementary system i s always revealed by a spectroscopy.
He i d e n t i f i e d t h r e e s t a g e s , and wrote, " I t i s h i s t o r i c a l l y i n t e r e s t i n g t h a t t h e s e t h r e e progressive s t e p s toward a deeper understanding of t h e fundamental s t r u c t u r e of m a t t e r were i n i t i a t e d by d i s c o v e r i e s made almost e x a c t l y 20 y e a r s a p a r t : t h e discovery of t h e n u c l e a r atom by Rutherford i n 1911, t h e discovery of t h e neutron by Chadwick i n 1932, and t h e discovery of t h e e x c i t e d A-state of t h e proton by Fermi and c o l l a b o r a t o r s and i t s i n t e r p r e t a t i o n by Brueckner and Watson i n 1952." When he wrote t h i s a r t i c l e i n 1972 a 4th spectroscopy of quarks and gluons, t h a t occupies a l a r g e p a r t of high energy physics today, was emerging.
Franck and Hertz Experiment
The Rutherford s c a t t e r i n g experiment gave no suggestion of a spectroscopy u n t i l Bohr's theory provided i t . The experimental demonstration t h a t atomic spectroscopy could be understood from t h e point of view of Bohr's theory was made by Franck and Hertz.
T h i s was n o t t h e c l a s s i c Franck and IIertz experiment i n which i t was shown t h a t a n e l e c t r o n would l o s e 4.9 v o l t s , and n o t l e s s , i n i n e l a s t i c c o l l i s i o n s w i t h mercury atoms.
It was t h e one t h a t followed and answered t h e question "What happened t o t h e l o s t e n e r g y . ? " l Fig. 1 shows t h e apparatus.
It i s a n a c c e l e r a t o r small enough t o be h e l d i n one hand.
There i s a platinum f i l a m e n t , l a b e l e d D i n t h e f i g u r e , t h a t emitted e l e c t r o n s when heated by a n e l e c t r i c c u r r e n t .
The e l e c t r o n s were a c c e l e r a t e d toward t h e anode N when t h i s was held a t p o s i t i v e p o t e n t i a l with r e s p e c t t o t h e filament. The bulb was f i l l e d w i t h mercury vapor t h a t served a s t h e t a r g e t . With anode v o l t a g e s i n excess of 4.9 v o l t s , i n e l a s t i c c o l l i s i o n s between e l e c t r o n s and mercury atoms took p l a c e w i t h i n t h e bulb. To s e e what came out of t h i s , an u l t r a v i o l e t spectrograph was s e t up t o analyze any p o s s i b l e l i g h t emission.
The spectrogram obtained i s reproduced i n Fig. 2 . Fig. 1 : The e l e c t r o n a c c e le r a t o r of Franck and Hertz used t o e x c i t e t h e 2536 A resonance l i n e of mercury.
The r e s u l t i s shown i n t h e lower spectrum. The darkened continuous region on t h e r i g h t i s due t o t h e l i g h t emitted by t h e hot filament. Off t o t h e l e f t t h e r e i s a s i n g l e

Fig. 2: U l t r a v i o l e t spectro-
gram showing t h e s i n g l e 2537 a resonance l i n e of mercury (below) and t h e comparison spectrum (above). i s o l a t e d d a r k l i n e , i d e n t i f i e d by t h e comparison spectrum of mercury above, a s t h e 2536 a resonance l i n e o f mercury. We r e c o g n i z e t h i s l i n e today a s coming from t h e f i r s t e x c i t e d s t a t e o f t h e mercury atom and we know t h a t i t a r i s e s by t h e e m i s s i o n o f r a d i a t i o n f o l l o w i n g e x c i t a t i o n by e l e c t r o n c o l l i s i o n -I n f a c t , from t h e i r measurement of t h e e l e c t r o n e n e r g y , 4.9 v o l t s , and t h e wavelength o f t h e e m i t t e d l i g h t , P l a n c k ' s c o n s t a n t was determined.
The v a l u e t h e y o b t a i n e d , h = 6.59
x lo-" e r g s s e c , a g r e e s , w i t h i n e r r o r s , w i t h t h e p r e s e n t v a l u e , 6.63 x e r g s e c . I f t h i s seems obvious enough now i t i s because we know B o h r ' s theory. But i t may i n t e r e s t you t o know t h a t when Franck and H e r t z d i d t h e i r experiment t h e y d i d n ' t know about Bohr's t h e o r y .
It had been p u b l i s h e d some s i x months e a r l i e r , b u t t h e y h a d n ' t h e a r d of i t . They were n e g l i g e n t n o t t o have r e a d about i t i n t h e l i t e r a t u r e .
You know how t h a t happens.
There was a n a c t i v e seminar i n B e r l i n a t t h e t i m e a t which a l l t h e l a t e s t developments i n p h y s i c s were d i s c u s s e d .
But i f Rohr's t h e o r y had been p r e s e n t e d t h e r e i t wouldn't have been t a k e n s e r i o u s l y .
I n f a c t , i n a l e t t e r t o Bohr, Richard Courant once w r o t e , ".....how g l a d I was when I r e a d o f t h e Nobel P r i z e r e p o r t i n t h e newspapers.
~t reminded me v i v i d l y o f t h a t b e a u t i f u l day i n Cambridge i n 1913 when you s e t f o r t h your i d e a s f o r me i n t h e q u a d r a n g l e o f T r i n i t y .
Thanks t o p r i o r s u g g e s t i o n by Harald (Bohr), who had s o o f t e n t o l d me wonderful t h i n g s about h i s b r o t h e r , I was a t t h a t p o i n t immediately r e a d y t o b e l i e v e t h a t you might be r i g h t . But when I t h e n r e p o r t e d of t h e s e t h i n g s h e r e i n G b t t i n g e n , t h e y laughed a t me t h a t I s h o u l d t a k e such f a n t a s i e s s e r i o u s l y . "
Ilowever, t h e agreement w i t h B o h r ' s i d e a s was s o s t r i k i n g t h a t no one c o u l d deny t h e i r c o r r e c t n e s s .
There followed a r a p i d development i n t h e t h e o r y of a t o m i c s p e c t r a and a r e v o l u t i o n i n t h e u n d e r s t a n d i n g o f t h e n a t u r e of t h e atom. When we t h i n k how much modern man depends on t h e c h e m i s t r y , t h e b i o l o g y , and t h e technology t h a t grew o u t of t h e s e c u r e knowledge o f atomic s t r u c t u r e , we b e g i n t o have a measure of t h e power and t h e importance of t h o s e developments.
Cockcrof t and Walton Experiment
While t h e d i s c o v e r y of t h e n e u t r o n was e s s e n t i a l t o t h e u n d e r s t a n d i n g o f t h e n u c l e u s , i t was t h e Cockcroft-Walton a c c e l e r a t o r and t h e experiments t h e y d i d w i t h i t t h a t opened t h e f i e l d o f n u c l e a r s p e c t r o s c o p y .
Both e x p e r i m e n t s were done i n 1932. Already i n 1919, R u t h e r f o r d had shown t h a t t h e n u c l e u s c o u l d be d i s i n t e g r a t e d by a l p h a p a r t i~l e s .~ However, h i s a l p h a p a r t i c l e s were t h o s e e m i t t e d from n a t u r a l l y o c c u r r i n g r a d i o a c t i v e e l e m e n t s . There were n o t enough o f them t o c a r r y o u t a n extens i v e s t u d y o f t h e phenomenon.
The advances i n e l e c t r i c a l t e c h n o l o g y i n t h e y e a r s f o l l o w i n g World War I made i t p o s s i b l e t o contemplate t h e p r o d u c t i o n of h i g h speed p a r t i c l e s by a r t i f i c i a l means.
I n 1927 R u t h e r f o r d , a s P r e s i d e n t of t h e Royal S o c i e t y , e x p r e s s e d t h e wish f o r a s u p p l y o f "atoms and e l e c t r o n s t h a t have a n i n d i v i d u a l energy f a r t r a n s c e n d i n g t h a t of t h e p a r t i c l e s from r a d i o a c t i v e bodies." To overcome t h e Coulomb b a r r i e r of t h e n u c l e u s i t would be n e c e s s a r y t o have part i c l e s a c c e l e r a t e d t o e n e r g i e s o f s e v e r a l m i l l i o n v o l t s o r more. T h i s became t h e g o a l of t h o s e who contemplated b u i l d i n g s u c h machines.
I n f a c t , by 1932, Lawrence a n d ~i v i n g s t o n~,~~ a t Berkeley had c o n s t r u c t e d a c y c l o t r o n t h a t a c c e l e r a t e d p r o t o n s t o a n energy exceeding 1 m i l l i o n v o l t s .
Some y e a r s e a r l i e r , ~a m o w l l and a l s o Condon and ~u r n e~l~ showed t h a t wave mechanics e x p l a i n e d how a l p h a p a r t i c l e s c o u l d e s c a p e from t h e n u c l e u s w i t h a n energy f a r below t h e Coulomb p o t e n t i a l b a r r i e r . When Gamow was v i s i t i n g t h e Cavendish Labo r a t o r y i n 1928, Cockcroft i n q u i r e d a b o u t t h e i n v e r s e problem -t h e energy t h a t would be r e q u i r e d f o r a p r o t o n t o p e n e t r a t e t h e n u c l e u s of a l i g h t element. The same p r i n c i p l e a p p l i e d and Cockcroft p r e p a r e d a memorandum f o r R u t h e r f o r d showing t h a t t h e r e was a h i g h p r o b a b i l i t y f o r t h e boron n u c l e u s t o be p e n e t r a t e d by a p r o t o n o f o n l y 300 k i l o v o l t s energy.
The c o n d i t i o n s f o r l i t h i u m were even more f a v o r a b l e . Rutherford t h e n agreed t h a t work on t h i s p r o j e c t c o u l d begin.
The r e s u l t was a d. c -a c c e l e r a t o r based o n t h e v o l t a g e d o u b l e r p r i n c i p l e c a p a b l e o f developing 600 k i l o v o l t s . 4 F i g u r e 3 i s a photograph of t h e Cockcroft-Walton a c c e l e r a t o r showing John Cockcroft s i t t i n g i n s i d e t h e s m a l l o b s e r v a t i o n box i n t h e foreground. Fig. 3 : The Cockcroft-Walton a c c e l e r a t o r . John Cockcroft i s s i t t i n g i n s i d e t h e small obs e r v e r ' s box i n t h e foreground. The d i s i n t e g r a t i o n of l i t h i u m by protons was demonstrated by Cockcroft and Walton w i t h a n energy of only 125 k i l o v o l t s . The a p p a r a t u s they used i s shown i n Fig. 4 . The beam of f a s t protons was d i r e c t e d a g a i n s t a l i t h i u m t a r g e t and t h e a lpha p a r t i c l e s from t h e r e a c t i o n p + L i + a + a were d e t e c t e d by t h e w e l l t r i e d t o o l of Rutherford, t h e z i n c s u l p h i d e screen. They t h e n confirmed t h e r e a c t i o n by demo n s t r a t i n g t h a t t h e a l p h a p a r t i c l e s were emitted i n p a i r s .
They used a p r i m i t i v e form of coincidence experiment, c a r r i e d o u t w i t h two z i n c s u l p h i d e s c r e e n s and two observers tapping keys.
The r e s o l v i n g time was a second o r s o , somewhat longer by a f a c t o r of 10' t h a n t h e r e s o l v i n g time of modern coincidence c i r c u i t s . D i s i n t e g r a t i o n s under proton bombardment were seen a l s o f o r many o t h e r elements, n o t only w i t h t h e z i n c s u l p h i d e screen, but w i t h o t h e r d e t e c t o r s t h a t were a v a i l a b l e i n t h e l a b o r a t o r y : t h e i o n i z a t i o n chamber, l i n e a r a m p l i f i e r and o s c i l l o g r a p h of t h e type described by Wynn-Williams and Ward, and t h e Shimizu expansion chamber. The d i s i n t e g r a t i o n a f l i t h i u m might have been seen a t Berkeley b e f o r e i t had a t Cambridge, but t h e planning of physics experiments d i d not p a r a l l e l t h e c o n s t r u c t i o n of t h e machines t h a t were needed t o perform them.
A r t i f i c i a l r a d i o a c t i v i t y and f i s s i o n could a l s o have been discovered f i r s t a t Berkeley i f t h e f o c u s and t h e t r a d i t i o n had been more on t h e physics t h a n on t h e machines.
Nevertheless, t h e Berkeley c y c l o t r o n s were widely copied and had a profound i n f l u e n c e on t h e development of nuclear physics a l l over t h e world.1° Accelerator Development F i g u r e 5 shows Livingston and Lawrence s t a n d i n g i n s i d e t h e yoke o f t h e magnet f o r t h e 37-in c y c l o t r o n .
The magnet was one of a p a i r t h a t had been b u i l t by t h e F e d e r a l Telegraph Company f o r a type of r a d i o t r a n s m i t t e r , t h e poulsen a r c g e n e r a t o r , made o b s o l e t e by t h e vacuum tube.
M y own i n t r o d u c t i o n t o c y c l o t r o n s came through John R. Dunning whose a s s i s t a n t I became.
A t columbia U n i v e r s i t y he managed t o a c q u i r e t h e second of t h e s e magnets and transformed i t i n t o a 37-in c y c l o t r o n . It was ready, i n 1939, f o r many important experiments t h a t were done on t h e : Livingston ( l e f t ) and Lawrence ( r i g h t ) s t a n d i n g i n t h e yoke of t h e magnet f o r t h e 37" c y c l o t r o n . It operated i n i t i a l l y a s a 27" c y c l o t r o n i n December 1932, and produced 4.8 MeV hydrogen i o n s .
f i s s i o n of uranium, f o l l o w i n g t h e d i s c o v e r y of t h a t phenomenon a t t h e beginning of t h a t year. F i g u r e 6 i s a photograph of t h e Columbia c y c l o t r o n t h a t shows me carryi n g o u t a n experiment on t h e resonant a b s o r p t i o n of neutrons by uranium.
F i g u r e 7 reproduces a graph t a k e n from a r e p o r t prepared by W. K. F. ~a n o f s k y . 1 3 It shows how t h e energy of a c c e l e r a t o r s developed o v e r t h e y e a r s . The p a r t i c l e energy, e i t h e r e l e c t r o n o r proton, a s t h e c a s e might be, i n c r e a s e d t e n f o l d every s i x y e a r s over t h e 50 year p e r i o d from 1932 -1982. For t h e purposes of t h e graph, t h e energy p l o t t e d i s t h e l a b o r a t o r y energy of t h e p a r t i c l e s a c c e l e ra t e d .
For c o l l i d e r s , a n e q u i v a l e n t energy i s p l o t t e d which i s t h e l a b o r a t o r y energy on a f i x e d t a r g e t w i t h t h e same c e n t e r of mass energy. The p l o t shows how, a s each technology began t o r e a c h i t s l i m i t i n energy, a new h i g h e r energy technology was invented t o succeed it.
I n 1960, t h e cut-off d a t e f o r t h i s colloquium, t h e 30 GeV proton synchrotrons a t CERN and Brookhaven were j u s t coming onstream, but t h e 6 GeV Bevatron a t Berkeley had been i n o p e r a t i o n f o r s e v e r a l y e a r s . With i t came t h e d i s c o v e r y of t h e a n t iproton and a number of new s t r a n g e p a r t i c l e s . Many important experiments i n part i c l e p h y s i c s were performed w i t h t h e synchrocyclotrons and t h e synchrotrons of t h e 5 0 ' s w i t h t h e pions, t h e muons, and t h e s t r a n g e p a r t i c l e s t h e y produced. By t h e end o f t h e decade t h e physics w i t h t h e s e p a r t i c l e s was being done almost e x c l u s i v e l y w i t h machines.
It was no l o n g e r f r u i t f u l t o look a t t h e cosmic r a y s t o study element a r y p a r t i c l e s .
It seems reasonable t o suggest a s Alvarez h a s , l 4 t h a t modern p a r t i c l e p h y s i c s had i t s s t a r t i n 1946, during t h e l a s t days of world War 11
, when a group of young I t a l i a n s , Conversi, P a n c i n i , and P i c c i o n i , w h i l e h i d i n g from t h e Germans, c a r r i e d o u t a remarkable experiment.15
They showed t h a t t h e "mesotron" which had been discovered i n 1937 by Neddermeyer and ~n d e r s o n l 6 and by S t r e e t and ~t e v e n s o n , l 7 was n o t t h e p a r t i c l e p r e d i c t e d by Yukawa a s t h e mediator of n u c l e a r f o r c e s , but a weakly i n t e r a c t i n g p a r t i c l e we now c a l l t h e muon.
The Yukawa p a r t i c l e , now known a s t h e pion, was discovered t h e following y e a r by O c c h i a l i n i , Powell, and c o l l a b o r a t o r s . 1 8 T h i s group from B r i s t o l used a new n u c l e a r emulsion technique developed i n collaborat i o n w i t h I l f o r d L a b o r a t o r i e s .
A f t e r exposure t o cosmic r a y s they n o t only found t h e p i o n s b u t showed them decaying i n t o muons. While t h i s was going on i n Europe and England, two new r e a t a c c e l e r a t o r s were being b u i l t i n E r n e s t Lawrence's l a b o r a t o r y i n Berkeley.18
Both were based o n t h e p r i n c i p l e of phase s t a b i l i t y a s developed by McMillan and independently by Veksler, toward t h e end of t h e war.
Lawrence's 184-in s y n c h r o c y c l o t r o n was c a p a b l e o f a c c e l e r a t i n g p r o t o n s t o a n energy of 350 MeV.
McMillan's e l e c t r o n s y c h r o t r o n could r e a c h 330 MeV.
The s y n c h r o c y c l o t r o n d e l i v e r e d i t s f i r s t beam j u s t b e f o r e midnight, November 1, 1946. Although p i o n s were being c o p i o u s l y produced, a t t e m p t s t o f i n d them f a i l e d f o r l a c k of t h e p r o p e r emulsion technique.
They were found almost immediately a f t e r L a t t e s a r r i v e d from B r i s t o l w i t h t h e t e c h n i q u e and t h e p r o p e r I l f o r d emulsions.
L a t t e s was t h e young B r a z i l i a n who, working w i t h O c c h i a l i n i and Powell a t B r i s t o l , was t h e f i r s t t o f i n d p i o n s i n t h e cosmic r a y s . Now he found them produced a r t i f i c a l l y i n a machine.
F i g u r e 8 shows Cesare L a t t e s and Eugene Gardner p r e p a r i n g a n emulsion exposure a t t h e synchrocyclotron.
This s u c c e s s was soon followed by t h e important d i s c o v e r y of t h e n e u t r a l member of t h e pion f a m i l y by Bjorklund, C r a n d a l l , Moyer, and y o r k l g a t t h e 184-in machine. They o b t a i n e d a Doppler-shifted gamma r a y spectrum t h a t could o n l y be i n t e r p r e t e d a s a r i s i n g from t h e decay of t h e T o i n t o two gamma r a y s . This i n t e r p r e t a t i o n was confirmed soon t h e r e a f t e r by a more e l e g a n t experiment c a r r i e d o u t a t t h e 330 MeV s y n c h r o t r o n by S t e i n b e r g e r , Panof sky, and teller .20
They
d e t e c t e d d i r e c t l y t h e c o i n c i d e n c e i n t h e emission of t h e two gamma r a y s i n t o which t h e T o was expected t o d i s i n t e g r a t e . Q u i t e independently, t h e T o was d e t e c t e d i n cosmic r a y s a t B r i s t o l by
Ekspong, Hopper, and ~i n g~l who observed t h e two photon decay i n emulsion and measured t h e l i f e t i m e a s being l e s s t h a n 5 x 1 0 -l 4 s .
Fig. 8 : Cesare L a t t e s and Eugene Gardner preparing a n exposure o f emulsions t o pions i n t h e Berkeley 184-inch synchrocyclotron.
When t h e c r o s s s e c t i o n s f o r t h e photo roduction on hydrgen of ITo were compared with t h o s e t h a t had been made f o r IT+, 22, 23 they were found t o be about equal. Moreover, t h e a n g u l a r d i s t r i b u t i o n appeared t o be i s o t r o p i c i n both c a s e s . This seemed d i f f i c u l t t o r e c o n c i l e w i t h any of t h e t h e o r i e s being discussed a t t h e time. The f i r s t s u g g e s t i o n t h a t t h e anomalous behavior i n photoproduction might be due t o t h e e x i s t e n c e of a nucleon i s o b a r was made by Fujimoto and ~i~a z a w a 2~ and a l s o by Brueckner and
The argument d i d n o t become convincing u n t i l a f t e r t h e discove r y of t h e resonance i n t h e pidn-proton s c a t t e r i n g .
It then became p o s s i b l e f o r Brueckner and ats son^^ t o p u t t h e photoproduction r e s u l t s on a f i r m e r f o o t i n g .
Many important experiments were done w i t h a c c e l e r a t o r s during t h e 50's. Among them, I want t o mention t h e b e a u t i f u l experiments of ~o f s t a d t e r~~ using t h e e l e ct r o n l i n a c a t Stanford. They gave q u a n t i t a t i v e evidence f o r t h e f i n i t e s i z e of t h e proton and a glimmer of t h e t i n y world w i t h i n and t h e 4 t h spectroscopy t h a t h a s preoccupied u s s i n c e .
Synchrocyclotron a t Chicago
I n s t e a d of reviewing t h e s e developments more completely, I thought i t might be more i n t e r e s t i n g t o t e l l about t h e t h i r d experiment i n some d e t a i l .
This was t h e experiment i n which t h e pion-proton resonance appeared unexpectedly i n a s t r i k i n g way.
The work began i n 1951, soon a f t e r t h e c o n s t r u c t i o n of t h e synchrocyclotron was completed a t ~h i c a~o .~~ This machine was designed t o a c c e l e r a t e protons t o 450 MeV, 100 MeV more t h a n i t s predecessor a t Berkeley, s o t h a t t h e i n t e n s i t y and energy of t h e p i o n beams i t could produce would be s u b s t a n t i a l l y g r e a t e r .
During t h e c o n s t r u c t i o n of t h e machine, I k e p t Fermi c l o s e l y coupled t o a l l t h e developments. It was understood t h a t once t h e machine was completed, we would resume our work t o g e t h e r . When t h e time came we organized a small group, including some g r a d u a t e s t u d e n t s , and began a s e r i e s of measurements on pion s c a t t e r i n g . John Marshall, who helped design and b u i l d t h e machine formed h i s own group.
Other members of t h e I n s t i t u t e f o r Nuclear S t u d i e s a l s o formed groups and used t h e machine according t o a schedule t h a t was worked o u t each week. When I looked among my c o l l e c t i o n of notebooks f o r t h e ones of t h a t period, I found somewhat t o my s u p r i s e , t h a t i n some s e c t i o n s t h e e n t r i e s were almost e n t i r e l y i n Fermi's hand.
It i s p o s s i F e t o c a t c h t h e excitement of discovery i n t h o s e pages.
They a l s o gave a n i n t e r e s t i n g glimpse of Fermi a s a n experimenter.
Fermi T r o l l e y Before using t h e cyclotron, Fermi wanted t o add h i s c o n t r i b u t i o n t o i t s c o n s t r u c t i o n . He o f f e r e d t o take c a r e of t h e t a r g e t arrangements. One weekend, h e went i n t o t h e shop and b u i l t t h e t r o l l e y c a r shown i n t h e photograph of Fig. 10 . It was a n ingenious device and became s o u s e f u l i t remained i n o p e r a t i o n f o r many years.
Mounted on t h e edge of t h e magnet pole i n s i d e t h e vacuum, t h e t r o l l e y c a r could be moved around by manipulating a s e t of switches o u t s i d e t h e vacuum chamber. Each p a i r of wheels was on a n a x l e t o which was a t t
By sending c u r r e n t through t h e second c o i l , t h e wheels would r o t a t e by a n a
The g e n e r a l scheme was t o provide n e g a t i v e and p o s i t i v e pion beams a t v a r i o u s e n e r g i e s a s shown i n Fig. 11 .
Fermi c a l c u l a t e d t h e t r a j e c t o r i e s from a map of t h e c y c l o t r o n magnetic f i e l d and s l o t s were c u t i n t h e s t e e l s h i e l d t h a t separated t h e cyclotron from t h e experimental room according t o h i s p r e s c r i p t i o n s .
The n e g a t i v e pions emitted i n t h e forward d i r e c t i o n came o u t of t h e c y c l o t r o n through a t h i n window i n t h e vacuum chamber. P o s i t i v e pions came o u t i f they were emitted i n t h e backward d i r e c t i o n . The p o s i t i v e pion beams were of lower i n t e n s i t y but they came out r e a d i l y when t h e magnetic f i e l d of t h e c y c l o t r o n was reversed.
On t h e o t h e r s i d e of t h e s h i e l d , i n t h e experimental a r e a , a d e f l e c t i n g magnet was s e t up.
It could be moved i n t o p o s i t i o n a t any one of t h e s l o t s and was used t o make t h e f i n a l s e l e c t i o n of pion energy.
By r e q u i r i n g a n e x t r a bend, backgrounds from o t h e r p a r t i c l e s coming through t h e s l o t , e s p e c i a l l y neutrons and gamma r a y s , were g r e a t l y reduced. Fig. 11 : Pion beams a t t h e Chicago synchrocyclotron. S l o t s were c u t i n t h e s t e e l s h i e l d i n g t o accept pions from t h e t a r g e t with d i f f e r e n t energies. The f i n a l energy s e l e c t i o n was done w i t h a d i p o l e magnet on t h e experimental a r e a s i d e of t h e s h i e l d .
Fig-:%: C y c l o t r o n b e h i n d i t s s t e e l s h i e l d . The s l o t p a t t e r n c u t
Tii s t e e l p l a t e s f o r t h e p i o n beams i s s e e n i n t h e f o r e g r o u n d . The t h i n windows t h r o u g h which t h e p i o n s emerged a r e c e n t r a l i n t h e photog r a p h . A l o n g window t o t h e r i g h t , a s h o r t window i n t h e c e n t e r . B o t h windows have t h e i r p r o t e c t i v e c o v e r i n p l a c e . Above and below t h e c e n t r a l window a r e t h e c o n n e c t i o n t e r m i n a l s f o r t h e " t r o l l e y c a r " and l u c i t e windows t o o b s e r v e i t s p o s i t i o n .
F i g u r e 1 2 i s a p h o t o g r a p h o f t h e c y c l o t r o n b e h i n d i t s s t e e l s h i e l d showing t h e s l o t s i n t h e s h i e l d . The t h i n window f o r t h e p i o n s i s b e h i n d i t s p r o t e c t i v e s h i e l d i n t h e l o n g p o r t c o v e r t o t h e r i g h t . T h e r e i s a l s o a t h i n window b e h i n d a p r o t e ct i v e s h i e l d i n t h e s m a l l e r p o r t c o v e r i n t h e c e n t e r of t h e p h o t o g r a p h .
There a r e l u c i t e windows a b o v e a n d below f o r v i e w i n g t h e t r o l l e y i n s i d e .
The c o n n e c t i o n t e rm i n a l s f o r t h e t r o l l e y a r e mounted o n t h e s e windows.
The b a t t e r y f o r e n e r g i z i n g t h e c o i l s may be s e e n below t h e p o r t .
The t r o l l e y c a r was moved t o maximize t h e p i o n beam i n t e n s i t y . It was a l s o used t o m o n i t o r and measure t h e p i o n beam i n t e n s i t y i n a n a b s o l u t e way. T h i s was done by m e a s u r i n g t h e t e m p e r a t u r e o f t h e t a r g e t a n d d e t e r m i n i n g t h e e n e r g y d e p o s i t e d by t h e p r o t o n beam from a knowledge o f t h e h e a t f l o w c h a r a c t e r i s t i c s of t h e t a r g e t mount. Some o f t h e c a l c u l a t i o n s t h a t Fermi made f o r t h i s p u r p o s e a r e r e p r o d u c e d h e r e .
A s k e t c h of t h e t r o l l e y d e s i g n i s shown i n F i g . 1 3 . T h i s shows t h e l o c a t i o n o f t h e t h e r m o c o u p l e h o t j u n c t i o n a t t h e t a r g e t , and i t s c o l d j u n c t i o n a t t h e h e a t s i n k . D e t a i l s of t h e h e a t f l o w c a l c u l a t i o n s a r e g i v e n i n F i g s . 1 4 and 15. These a r e from p a g e s o f o n e o f F e r m i ' s n o t e b o o k s , d a t e d May 2 5 and 28, 1951. The r e l a x a t i o n t i m e o f t h e c y l i n d e r i c a l h e a t s i n k i s c a l c u l a t e d o n page 4 4 , t h e r e s p o n s e of t h e t a r g e t p e r microampere o f beam c u r r e n t i s g i v e n o n page 45. D e t e c t o r s When t h e new h i g h e n e r g y m a c h i n e s , t h e s y n c h r o c y c l o t r o n s a n d t h e s y n c h r o t r o n s of t h e p o s t war p e r i o d , came i n t o o p e r a t i o n t h e r e was a n u r g e n t need f o r d e t e c t o r s b e t t e r a d a p t e d t o them. The s c i n t i l l a t i o n c o u n t e r a r r i v e d o n t h e s c e n e j u s t i n t i m e . They d i f f e r e d from t h e ZnS s c r e e n of t h e R u t h e r f o r d e r a by b e i n g t r a n s p a r e n t t o t h e i r own r a d i a t i o n .
Hence, t h e y w e r e u s a b l e i n t h i c k n e s s e s g r e a t enough t o be s e n s i t i v e t o minimum i o n i z i n g p a r t i c l e s , e v e n gamma r a y s . They were made o f o r g a n i c 
F i g . 13: D e s i g n s k e t c h f o r t h e "Fermi T r o l l e y " from F e r m i ' s notebook.
m a t e r i a l s , o r i g i n a l l y n a p t h a l e n e c r y s t a l s , and when connected o p t i c a l l y t o a photom u l i t p l i e r t u b e t h e y provided a p u l s e o u t p u t o f v e r y s h o r t d u r a t i o n , w e l l s u i t e d t o h i g h speed e l e c t r o n i c c o u n t i n g and c o i n c i d e n c e c i r c u i t r y -The s c i n t i l l a t o r , o n l y a few m i l l i m e t e r s t h i c k , c o u l d be shaped t o c o v e r a l a r g e and p r e c i s e l y d e f i n e d a r e a .
With a l l t h e s e d e s i r e a b l e p r o p e r t i e s , t h e s c i n t i l l a t i o n c o u n t e r became a n i n s t a n t s u c c e s s .
The man who d i s c o v e r e d t h e o r g a n i c s c i n t i l l a t i o n c o u n t e r was Hartmut Kallmann.
A s h o r t r e p o r t of h i s work a p p e a r e d i n t h e J u l y 1947 i s s u e o f " N a t u r und ~e c h n i k " .~~,~~ A complete r e p o r t of Kallmann's r e s e a r c h reached MIT, and i n October M a r t i n Deutsch made i t a v a i l a b l e , i n t r a n s l a t i o n , t o t h e American s c i e n t i f i c community.31
He a l s o p u b l i s h e d a s h o r t n o t e i n t h e March 1948 i s s u e o f "~u c l e o n i c s " . 3 2 * 3 3 Kallmann came t o New York U n i v e r s i t y i n 1949 and soon t h e r e a f t e r r e p o r t e d h i s development of l i q u i d s c i n t i l l a t i o n c o u n t e r s , 3 4 e x t e n d i n g g r e a t l y t h e u s e f u l n e s s o f t h i s t e c h n i q u e .
The Na(T1) h i g h Z i n o r g a n i c s c i n t i l l a t o r t h a t became s o i m p o r t a n t i n gamma r a y s p e c t r o s c o p y , was d i s c o v e r e d by HO f ~t a d t e r ,~~, 36 who t o o k i n s p i r a t i o n from t h e r e p o r t of Kallmann's s u c c e s s w i t h low Z o r g a n i c m a t e r i a l s . P i o n S c a t t e r i n g --.
.
The s c i n t i l l a t i o n c o u n t e r was j u s t what we needed f o r t h e measurement of t h e pion-proton c r o s s s e c t i o n s . The f i r s t r e s u l t s were r e p o r t e d a t t h e I n t e r n a t i o n a l Conference on Nuclear P h y s i c s and t h e P h y s i c s of Fundamental P a r t i c l e s , h e l d a t t h e U n i v e r s i t y of Chicago, September 17 t o 22, 1951.37 The Conference was o r g a n i z e d , i n p a r t , t o c e l e b r a t e t h e s u c c e s s f u l c o m p l e t i o n of t h e Chicago s y n c h r o c y c l o t r o n .
The work had been done by Fermi, Nagle, Long, M a r t i n , and Yodh, b e s i d e s m y s e l f , b u t I p r e s e n t e d t h e r e p o r t .
The arrangement shown i n F i g .
6 used two i n c h s q u a r e s c i nt i l l a t i o n c r y s t a l s ( t e r p h e n y l ) t o measure t h e incoming p i o n s . The t a r g e t was l i q u i d hydrogen, behind which were p l a c e d two l a r g e r l i q u i d s c i n t i l l a t o r c o u n t e r s t o measu r e t h e number of p i o n s remaining i n t h e beam a f t e r t r a v e r s i n g t h e hydrogen. The t r a n s m i s s i o n i s o b t a i n e d by measuring t h e r a t i o o f t h e q u a d r u p l e t o d o u b l e c o i n c id e n c e s , w i t h and w i t h o u t hydrogen i n t h e t a r g e t , T h i s i s simply r e l a t e d t o t h e t o t a l c r o s s -s e c t i o n 0 i n crn2 t h r o u g h t h e r e l a t i o n ,
T = exp ( i r x ) , where x i s t h e number of n u c l e i p e r cm2 i n t h e t a r g e t . F o r a c c u r a t e v a l u e s , c o r r e ct i o n s have t o be a p p l i e d f o r backgrounds, p u r i t y o f t h e beam, and o t h e r e f f e c t s . S i x v a l u e s o f t h e c r o s s -s e c t i o n were r e p o r t e d f o r T -, one f o r ll+.
The ll-c r o s s -s e c t i o n s shown i n F i g . 17, r o s e s t e e p l y w i t h e n e r g y , e x c e e d i n g t h e g e o m e t r i c v a l u e a t 176 MeV a n d d r o p p i n g s l i g h t l y a t 217 MeV.
The f l c r o s s -s e c t i o n , measured a t 50 MeV was 4 t i m e s l a r g e r t h a n t h e v a l u e f o r n-a t t h e same energy.
However, t h e e x p e r i m e n t a l e r r o r was q u i t e l a r g e f o r t h e n+ v a l u e , making t h e t r u e r a t i o u n c e r t a i n . Following t h e Conference, we went back t o work determined t o do e v e r y t h i n g much more c a r e f u l l y , e s p e c i a l l y t h e more d i f f i c u l t TI+ measurements.
Pion Beam Energy
. ---. ----. - Fig. 
I n my notebooks of t h i s p e r i o d t h e r e were s e v e r a l i n which Fermi had a f f i x e d h i s name. The t i t l e page o f one of t h e s e i s shown i n
The f i r s t pages of t h i s notebook, d a t e d September 29, 1951, show how Fermi c a l i b r a t e d t h e d e f l e c t i n g magnet t o measure t h e pion momentum. He used t h e s t r e t c h e d w i r e method.
A c u r r e n t c a r r yi n g w i r e h e l d under t e n s i o n i n a magnetic f i e l d w i l l f o l l o w t h e same t r a j e c t o r y a s a charged p a r t i c l e w i t h a momentum t h a t may be deduced from t h e r a t i o of t h e t e n s i o n t o t h e c u r r e n t . Fermi measured how t h e t r a j e c t o r y s h i f t e d w i t h w i r e c u r r e n t .
The measurements begin on page 1 ( F i g . 1 9 ) , c o n t i n u i n g on page 2 ( F i g . 20).
On page 3 ( F i g . 21). t h e s c a l e used i n measuring t h e t e n s i o n i s c a l i b r a t e d . On page 4 (Fig. 22) , a formula i s g i v e n t h a t r e l a t e s t h e momentum t o t h e weight and c u r r e n t . The r e s u l t of t h e c a l i b r a t i o n i s given f o r d i f f e r e n t t a r g e t p o s i t i o n s and f o r d i f f e r e n t magnet c u r r e n t s .
The momentum i s g i v e n a s T l i n u n i t s o f mnc, t h e r e s t mass o f t h e p i o n t i m e s t h e v e l o c i t y o f l i g h t .
F i g u r e 23 shows a d e s i g n of t h e l i q u i d s c i n t i l l a t i o n c o u n t e r . T h i s p a r t i c u l a r one came l a t e r and was used t o measure t h e incoming p i o n s i n t h e a n g u l a r d i s t r i b ut i o n measurements. We used a p r e s c r i p t i o n from ~a l l m a n n~~ f o r t h e l i q u i d . F i g u r e 24 i s a photograph t h a t shows me s e t t i n g up t h e c o u n t e r s i n t h e p i o n beam beyond t h e bending magnet s e e n i n t h e background. F i g u r e 2 5 shows Darragh Nagle working on t h e hydrogen t a r g e t .
R e t u r n i n g a g a i n t o t h e notebook, we show page 18, d a t e d October 5, 1951 i n F i g .
26-
Here we s e e how Fermi made a c a r e f u l t a l l y o f a l l t h e m a t e r i a l i n t h e beam t o t a k e a c c o u n t of t h e energy l o s s i n each. T h i s i s continued on page 1 9 ( F i g . 2 7 ) , t h a t g i v e s t h e e f f e c t of m u l t i p l e s c a t t e r i n g .
On page 27 ( F i g . 2 8 ) , we show a n a b s o r p t i o n curve i n aluminum t a k e n by Fermi i n a t e s t f o r p r o t o n e x t r a c t i o n i n t h e 122 n-channel w i t h a l l c u r r e n t s r e v e r s e d .
From t h e l o c a t i o n a t which he s e t t h e t a r g e t , Fermi expected t h e p r o t o n energy t o be 120 MeV and t h i s was p r e t t y c l o s e t o what he found. 
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Ffg. 20: Tension/current measurements continued. Cross-Section Measurements --A t y p i c a l geometry f o r a t r a n s m i s s i o n measurement i s sketched, i n Fermi's hand on page 1 6 , of t h e notebook (Fig. 29) . The d a t e from t h e preceding page ( n o t shown) was October 3, 1951. Counters 1 and 2 were 1 i n 2 t e r p h e n y l c r y s t a l s .
Counters 3 and 4 were l i q u i d s c i n t i l l a t i o n c o u n t e r s . The l i q u i d hydrogen t a r g e t , 7 112 i n c h e s l o n g , was i n s i d e a 10.6-inch long c o n t a i n e r and s e t i n t h e space between c o u n t e r s 2 and 4, c l o s e r t o c o u n t e r 4.
The b a s i c measurement i s t h e r a t i o of quadruple t o double c o i n c i d e n c e s , w i t h and without hydrogen.
Gold f o i l s were i n s e r t e d when t h e hydrogen was removed t o keep t h e m u l t i p l e s c a t t e r i n g of t h e beam t h e same. The l i q u i d hydrogen was removed by p r e s s u r e , i t s c o n t a i n e r remained i n p l a c e . The 3116-i n c h Pb s h e e t prevented p r o t o n r e c o i l s from r e a c h i n g c o u n t e r 3.
A summary of t h e measurements t a k e n w i t h Martin "slow" c i r c u i t s and n o t recorded i n t h i s notebook i s g i v e n . The r a t i o of (Q/D) taken w i t h o u t and w i t h hydrogen i s 1.0392 + .0017, and t h e corresponding c r o s s -s e c t i o n 0 = (47 + 2) x loe2' cm2.
The measurement was repeated a s recorded on t h e n e x t page ( F i g . 30) u s i n g " S l a t t e r y f a s t c i r c u i t s . "
The r a t i o , i n v e r s e of t h e t r a n s m i s s i o n , was 1.0464 + .0033 and t h e c r o s s -s e c t i o n c a l c u l a t e d from = lnT/x w i t h x = 8.15 x hydrogen n u c l e i p e r cm2 i s given a s 0 = (56 2 4) x 1 0 '' cm2. There were fewer a c c i d e n t a l s w i t h t h e S l a t t e r y c i r c u i t s t h a n w i t h t h e Martin c i r c u i t s . These measurements were done withlT-a t 137 MeV. It i s important t o n o t e t h a t t h e e f f e c t was o n l y 4% even though t h e c r o s s -s e c t i o n was q u i t e l a r g e , c l o s e t o t h e geometric value. Figure 31 shows page 24 of t h e notebook on which Fermi analyzed t h e d a t a from a measurement of 1 7 5 MeV a-on H, t a k e n October 16, 1951. Background c o r r e c t i o n s a r e included e x p l i c i t l y , b u t none of t h e o t p e r s .
Again, t h e e f f e c t i The n+ measurements a r e g i v e n i n a n o t h e r notebook t h a t Fermi l a b e l e d Vol I V , December. 1 5 , 1951--.
The back page o f t h i s notebook h a s a n i n d e x , w r i t t e n i n F e r m i ' s hand t h a t i s reproduced i n Fig. 32 .
The p o r t i o n s t h a t I want t o p r e s e n t h e r e a r e t h e 122 MeV n+ measurements o n l i q u i d hydrogen, p a g e s 32 t o 36, and t h e 145 MeV n+ measurements, a l s o on hydrogen, pages 49 t o 53. The arrangement was sketched by Fermi o n page 32 on December. 21, 1 9 5 1 ( F i g . 33).
I n t h i s c a s e aluminum was used t o compensate f o r t h e e f f e c t of m u l t i p l e s c a t t e r i n g i n t h e l i q u i d hydrogen and a c a l c u l a t i o n of t h e p r o p e r p o s i t i o n f o r t h e hydrogen t a r g e t i s shown.
Fermi noted t h e p h o t o m u l t i p l i e r h i g h v o l t a g e s e t t i n g s and t h e c a b l e l e n g t h s .
The measurements b e g i n o n page 3 3 ( F i g . 34) and c o n t i n u e through page 35 ( F i g s . 35,36) .
The sequence i s ABBA: Hin,Hout,Hout,Hin, r e p e a t e d t h r e e t i m e s -The f i r s t measurement s t a r t e d a t 11:38 AM.
At 12:38 t h e h a n d w r i t i n g changes from F e r m i ' s t o mine. At 13:40 i t ' s Fermi' s h a n d w r i t i n g a g a i n u n t i l t h e end of t h e measurement a t 15:16.
It was c l e a r from t h e f i r s t sequence of f o u r measurements t h a t something u n u s u a l was going on. There was a 7% e f f e c t and t h i s was s o much g r e a t e r tha; a n y t h i n g we had s e e n b e f o r e t h a t i t l e f t Fermi shaking h i s head i n wonder.
The T v a l u e s had been l a r g e , b u t t h e y had l e v e l e d o f f c l o s e t o t h e g e o m e t r i c a l v a l u e .
Here we were f i n d i n g a IT+ c r o s s -s e c t i o n t h a t was s u b s t a n t i a l l y l a r g e r s t i l l .
According t o my r e c o l l e c t i o n I had r e c e i v e d , o n t h a t day, a p r e p r i n t from K e i t h Brueckner i n which he showed t h a t t h e a+/%-r a t i o c o u l d b e e x p l a i n e d i n t e r m s o f a n u c l e o n i s o b a r w i t h s p i n 3 / 2 and i s o t o p i c s p i n 3/2.
Fermi e x p r e s s e d s k e p t i c i s m a t f i r s t . It seemed l i k e a w i l d g u e s s . But I c o u l d r e a d from t h e g r a p h s t h a t Brueckner was p r e d i c t i n g a c r o s ss e c t i o n o f 8 8 mb. Our v a l u e was coming o u t t o be 8 3 mb.
It was p r e t t y c l o s e , and t h e agreement would be even b e t t e r a f t e r c o r r e c t i o n s . would be i n t h e r a t i o 9:2:1 f o r t h e r e a c t i o n s i n which t h e f i n a l s t a t e s were lI+, ?lo, and a', r e s p e c t i v e l y . The i s o t o p i c s p i n 3 / 2 i n t e r a c t i o n was v e r y s t r o n g .
At t h i s p o i n t Fermi reached f o r t h e p a p e r and asked t o b e excused. He r e t u r n e d a s h o r t t i m e l a t e r w i t h a broad g r i n on h i s f a c e . He announced, w i t h e v i d e n t s a t i s f a c t i o n , t h a t t h e c r o s s -s e c t i o n s
To s e e how f i r m l y Fermi had t a k e n h o l d of t h e i d e a t h a t t h i s might be a r e s o n a n c e , I looked up t h e notebooks h e used when he worked i n h i s o f f i c e .
These show t h a t on December 24, 1951, he had w r i t t e n on page 9 1 ( F i g . 37) t h e c h a r g e s t a t e s c o r r e s p o n d i n g t o t o t a l i s o t o p i c s p i n 3 / 2 and 1 / 2 u s i n g t h e a p p r o p r i a t e Clebsch-Gordon c o e f f i c i e n t s . On t h e n e x t page ( F i g . 38) he w r o t e t h e wave f u n c t i o n of t h e i n c i d e n t p l a n e wave f o r s c a t t e r i n g due t o a v i r t u a l pT+ s t a t e . On page 9 3 ( F i g . 39) i s a d e r i v a t i o n o f t h e c r o s s s e c t i o n , i n t h e Breit-Wigner form, f o r s c a t t e ri n g from s u c h a r e s o n a n t s t a t e . The n e x t page, 9 4 ( F i g . 40), i s d a t e d December 2 5 , 1951.
Fermi had w r i t t e n t h e e x p r e s s i o n s t h a t t a k e i n t o a c c o u n t b o t h t h e i s o t o p i c s p i n and t h e o r d i n a r y s p i n . The n e x t page, 35 ( F i g . 41) c a r r i e s t h e heading, "Assumi n g s c a t t e r i n g d u e t o a s i n g l e l e v e l resonance of a s t a t e I = 3/2, J = 312." On t h i s page t h e phase s h i f t i s i n t r o d u c e d and t h e t h e o r y i s developed f u r t h e r on t h e n e x t ( F i g . 4 2 ) and s u c c e e d i n g pages ( n o t shown) t o i n c l u d e t h e T-P s c a t t e r i n g . The e n t r i e s i n t h e notebook were i n t e r r u p t e d a f t e r December 26, 1951 u n t i l January 3, 1952 because on December 27, we had a new r u n on t h e c y c l o t r o n and we s e t up t o do t h e n+ s c a t t e r i n g a t t h e n e x t and h i g h e s t energy, 1 4 5 MeV. These were recorded i n t h e l a b notebook s t a r t i n g on page 49 (Fig. 43 ) t h a t shows t h e geometry used.
The measurements of t r a n s m i s s i o n a r e g i v e n on pages 50, 51, and 52 (Figs. 44, 45, and 46, r e s p e c t i v e l y ) . We now had a n unprecedented 11% e f f e c t and a c r o s s s e c t i o n t h a t continued t o r i s e i n accordance w i t h Brueckner's p r e d i c t i o n s .
A f t e r c o r r e c t i o n s , t h e c r o s s s e c t i o n a t 136 i 6 MeV turned o u t t o be (152 + 14) x c n 2 , about 3 times t h e geometric value. The c r o s s s e c t i o n was a s l a r g e a s i t could be; Fortune was s m i l i n g a t us.
A l l t h e v a l u e s o f t h e t o t a l c r o s s s e c t i o n f o r *+ and IT-i n hydrogen were published i n a s e r i e s of L e t t e r s t o t h e E d i t o r of t h e P h y s i c a l Review i n t h e March 1, 1952 issue.38,39,40 They a r e shown on a p l o t on t h e s i n g l e page on which t h e p o s i t i v e pion r e s u l t s were r e p o r t e d .
The v a l u e s included t h e c o r r e c t i o n s f o r a c c i d e n t a l s , geometry, p i o n decay i n f l i g h t , e l e c t r o n and muon contamination of t h e beam, and proton recoil. The plot also included the measurements made at Brookhaven and Columbia. The page is reproduced in Fig. 47 .
A key statement in this paper is the one that reads, "We might point out in this connection that the experimental results obtained to date are also compatible with the more general assumption that in the energy interval in question the dominant interaction responsible for the scattering is through one or more intermediate states of isotopic spin 3/2, regardless of spin. On this assumption, one finds that the ratio for the three processes should be (9:2:1), a set of values that is compatible with the experimental observations. It is more difficult, at present to say anything specific as to the nature of the intermediate state or states. If there were one state of spin 312, the angular distribution for all three processes should be of the type 1 + 3 cos ' 0 . If the dominant effect were due to a state of spin 1/2, the angular distribution should be isotopic. If a state of higher spin or a mixture of several spin states were involved, more complicated angular distribution would be expected." It turned out that Brueckner had made the correct choice and it was the s t a t e w i t h s p i n 3/2, now known a s t h e A33, t h a t was dominant. However, demonstrat i o n t h a t t h i s was t h e c a s e r e q u i r e d measurements of t h e a n g u l a r d i s t r i b u t i o n and t h e i r a n a l y s i s by t h e phase s h i f t method.
We q u i c k l y l e a r n e d about Clebsch-Gordon c o e f f i c i e n t s and phase s h i f t a n a l y s i s , and s e t about doing t h e measurements of a n g u l a r d i s t r i b u t i o n , f o r t h w i t h . F i g u r e 48, t a k e n from t h e p r e p r i n t Brueckner had s e n t me,shows t h e f i t h e o b t a i n e d f o r t h e a-c r o s s s e c t i o n s . Before h i s paper appeared i n p r i n t , Brueckner added t h e f i t t o t h e 8+ c r o s s s e c t i o n s we had r e p o r t e d a t t h e Rochester Conference on Meson P h y s i c s , h e l d i n Chicago, January 11 t o 12, 1952. The o v e r a l l f i t shown i n Fig. 49 was remarkably good.
The t r e n d of t h e e x p e r i m e n t a l d a t a f a v o r e d t h e 3 : l r a t i o expected f o r a pure i s o t o p i c s p i n i n t e r a c t i o n even more^ c l o s e l y t h a n i n Brueckner's c a l c u l a t i o n s . F i g . 41: S c a t t e r i n g from a s i n g l e l e v e l resonance of a s t a t e I = 3 / 2 , J = 3/2, 8 = 1.
Phase S h i f t C a l c u l a t i o n s We c a r r i e d o u t s o many a n g u l a r d i s t r i b u t i o n measurements i n t h e n e x t s i x months t h a t Fermi began t o t h i n k t h a t t h e phase s h i f t p r o lem might b e s t be handled w i t h a computer. We had a l r e a d y p u b l i s h e d a s h o r t r e p o r t e 1 g i v i n g t h e phase s h i f t s we had c a l c u l a t e d by hand.
A more complete r e p o r t was p u b l i s h e d t h e f o l l o w i n g year.42
During t h i s p e r i o d , Fermi l i k e d t o spend t h e summer i n Los Alamos. T h i s t i m e , i n t h e Summer of 1952 he c o u l d have a n e l e c t r o n i c computer a t h i s d i s p o s a l . It became a s t r a i g h t f o r w a r d m a t t e r t o f i n d t h e phase s h i f t s t h a t gave a good f i t t o t h e d a t a with a n e l e c t r o n i c computer l i k e t h e MANIAC.
It took only f i v e minutes once t h e program was i n place. The t r o u b l e was t h a t t h e computer found s e v e r a l s e t s o f phase s h i f t s . The phase s h i f t s showed a p l a u s i b l e behavior a t low e n e r g i e s . Howe v e r , a s t h e s e were followed t o higher e n e r g i e s , among t h e s e t of phase s h i f t s t h a t seemed t o f i t t h e d a t a b e s t , t h e phase s h i f t 0 3 3 , corresponding t o t h e I = 3/2, J = 3/2 s t a t e reached a maximum and turned down a g a i n without going through 90'. T h i s was unexpected and i n d i c a t e d t h e need f o r f u r t h e r work.
Fermi's r e a c t i o n i s shown i n a l e t t e r t o Metropolis, dated A p r i l 9, 1953 (Fig. 55) . The problem was t h a t t h e computer, given t h e freedom t o manipulate s i x phase s h i f t s without r e s t r a i n t , was a b l e t o f i n d combinations t h a t gave good f i t s t o t h e d a t a but with a non-resonant a 3 3 . I n t h e meanwhile, Hans Bethe, a l s o a r e g u l a r summer v i s i t o r t o Los Alamos, i n t e r e s t e d himself i n t h e problem and, working w i t h deHoffman, Metropolis, and lei^^, added p l a u s i b l e physical c o n s t r a i n t s t h a t l e d t h e MANIAC t o a s o l u t i o n t h a t showed a resonant behavior f o r a 3 3 .
Two of t h e Chicago graduate s t u d e n t s took 
